Thermus thermophilus is an extremely thermophilic eubacterium that produces various polyamines. Aminopropylagmatine ureohydrolase (SpeB) and SAM decarboxylase-like protein 1 (SpeD1) are involved in the biosynthesis of spermidine from arginine. Because long and branched polyamines in T. thermophilus are synthesized from spermidine, the speB and speD1 gene-deleted strains (DspeB and DspeD1, respectively) cannot synthesize long and branched polyamines. Although neither strain grew at high temperatures (>75°C) in minimal medium, both strains survived at 80°C when they were cultured at 70°C until the mid-log phase and then shifted to 80°C. We therefore prepared the DspeB and DspeD1 cells using this culture method. Microscopic analysis showed that both strains can survive for 10 h after the temperature shift. Although the modification levels of 2 0 -O-methylguanosine at position 18, N 7 -methylguanosine at position 46, 5-methyluridine at position 54 and N 1 -methyladenosine at position 58 in the class I tRNA from both strains were normal, amounts of tRNA Tyr , tRNA His , rRNAs and 70S ribosomes were decreased after the temperature shift. Furthermore, in vivo protein synthesis in both strains was completely lost 10 h after the temperature shift. Thus, long and branched polyamines are required for at least the maintenance of 70S ribosome and some tRNA species at high temperatures.
Introduction
Thermus thermophilus is an extremely thermophilic eubacterium, which grows at a wide range of temperatures (50À83°C) (Oshima & Imahori 1974) . Most living organisms, including both prokaryotes and eukaryotes, produce only three standard linear polyamines (putrescine, spermidine and spermine) (Fig. 1 ). In contrast, T. thermophilus produces various polyamines at high temperatures: To date, at least 16 polyamine species have been identified (Oshima 2007; Oshima et al. 2011 ) including long and branched polyamines ( Fig. 1) , which have been found in thermophilic eubacteria (Hamana et al. 1991) and archaea (Hamana et al. 2003) . Most bacteria and plant synthesizes spermidine from putrescine ( Fig. 2A) . In contrast, the biosynthesis pathway from arginine to spermidine in T. thermophilus is different from that in eukaryotes, archaea and other bacteria ( Fig. 2B ): The intermediate of spermidine synthesis from arginine in T. thermophilus is N 1 -aminopropylagmatine (Ohnuma et al. , 2011 . The triamines (norspermidine and spermidine) and agmatine are acceptors for the aminopropyltransfer reaction from decarboxylated S-adenosyl-L-methionine (SAM), which is catalyzed by the triamine/agmatine aminopropyltransferase (SpeE). This reaction generates N 1 -aminopropylagmatine, thermine and thermospermine from agmatine, norspermidine and spermidine, respectively (Ohnuma et al. 2011) . The decarboxylated SAM is synthesized by SAM decarboxylase (SpeD2). The presence of the SAM decarboxylase-like protein (SpeD1) accelerates the activity of SpeE (Oshima et al., unpublished 
results):
The detailed analysis will be published elsewhere. Therefore, SpeD1 is required for the biosynthesis of long polyamines through effective transfer of an aminopropyl group from decarboxylated SAM. N 1 -aminopropylagmatine produced by the reaction is converted to spermidine by the aminopropylagmatine ureohydrolase (SpeB).
In the current study, we constructed the speD1 and speB gene deletion strains of Thermus thermophilus to clarify the role of long and branched polyamines at high temperatures. Both strains lose the biosynthesis pathway of polyamines longer than spermidine and of branched polyamines. Polyamines longer than spermidine (triamine) include medium-length polyamines such as thermine and spermine (tetraamines) (Fig. 1) ; however, for simplicity, polyamines longer than spermidine are described as long polyamines in this report.
In general, polyamines have the potential to interact with nucleic acids and phospholipids because they possess multiple positive charges and hydrophobic areas. A branched polyamine, tetrakis(3-aminopropyl) ammonium (Taa), stabilizes tRNA structure, whereas a long polyamine, caldohexamine, preferentially stabilizes the structure of double-stranded DNA . Furthermore, Taa slightly stimulates activities of archaeal Trm1 and TrmI, and inhibits activity of archaeal Trm4 (Hayrapetyan et al. 2009 ). Archaeal Trm1, TrmI and Trm4 are tRNA (Constantinesco et al. 1999) , N 1 -methyladenosine (m 1 A) at positions 57 and 58 (Roovers et al. 2004 ) and 5-methylcytidine (m 5 C) at multiple positions in tRNA (Auxilien et al. 2007) , respectively. The structures of modified nucleosides are given in Fig. 3 . We recently found that T. thermophilus TrmH can methylate the yeast tRNA Phe transcript only in the presence of appropriate concentrations of Taa or caldohexamine at 80°C (Hori et al. 2016a) . TrmH is a tRNA methyltransferase for formation of 2 0 -O-methylguanosine at position 18 (Gm18) in tRNA (Persson et al. 1997; Hori et al. 2002) . In addition, it is well known that cell-free translation systems from T. thermophilus require polyamines for efficient protein synthesis at 65°C (Ohno-Iwashita et al. 1975; Uzawa et al. 1993; Zhou et al. 2012) .
The modified nucleosides in tRNA and tRNAmodification enzymes in T. thermophilus form a network, which regulates the modification levels in tRNA to maintain the flexibility (rigidity) of tRNA (Hori et al. 2016b ). This regulation is required for efficient protein synthesis at a wide range of temperatures. There are several key modifications in tRNA. The pseudouridine (Ψ) at position 55, which is formed by TruB (Nurse et al. 1995) , is required for survival of T. thermophilus at relatively low temperatures (50°C) (Ishida et al. 2011 ). The 5-methyluridine (m 5 U) at position 54, which is produced by TrmFO (Urbonavicius et al. 2005; Yamagami et al. 2012) , supports the effect of Ψ55 on maintenance of tRNA flexibility through the network at lower temperatures . In contrast, for the survival of T. thermophilus at high temperatures (80°C), three modified nucleosides, m 5 s 2 U54 (Shigi et al. 2006) , m 1 A58 and N 7 -methylguanosine (m 7 G) at position 46 (Tomikawa et al. 2010) in tRNA, are essential. The m 7 G46 modification is a marker of precursor tRNA and increases the speed of tRNA-modification enzymes (Tomikawa et al. 2010) . The increased modified nucleosides (Gm18, m 5 s 2 U54, Ψ55 and m 1 A58) at the elbow region in tRNA stabilize the L-shaped tRNA structure (Motorin & Helm 2010; Lorenz et al. 2017) . Therefore, we suggested that the absence of long and branched polyamines might perturb the network between modified nucleosides in tRNA and tRNAmodification enzymes. Genes to Cells (2017) 22, 628-645 In this study, we focused on the importance of long and branched polyamines for T. thermophilus at high temperatures by analyzing the DspeB and DspeD1 strains.
Results
Growth defect of DspeB and DspeD1 strains in minimal medium at high temperatures (80°C) and determination of culture methods Thermus thermophilus DspeB and DspeD1 strains were constructed by homologous recombination by the highly thermostable kanamycin resistance gene (Hoseki et al. 1999; Hashimoto et al. 2001) . The plasmid vectors for replacements were purchased from RIKEN Biological Resource Center (Yokoyama et al. 2000) . When the DspeB and DspeD1 strains were cultured in a nutrient-rich medium at 70°C, the growth of both strains was slightly slower than that of the wild-type strain (Fig. 4A) . The nutrientrich medium contains yeast extract, in which standard polyamines exist. When the strains were cultured in a nutrient-rich medium at 80°C, both strains survived, although growth was considerably slower than in wild type (Fig. 4B) . When the strains were cultured in a minimal synthetic medium at 70°C, both showed long lag-phases and slow growth (Fig. 4C) , indicating that the DspeB and DspeD1 strains can survive in minimal medium at 70°C. In contrast, they did not grow in minimal medium above 75°C (data not shown). We tested several culture conditions for the preparation of cells cultured in the minimal medium at high temperatures. We found that the DspeB and DspeD1 strains survived at 80°C if they were first cultured at 70°C until the mid-log phase and then shifted to 80°C (Fig. 4D ): This temperature shift is abbreviated as 70°C ? 80°C. The arrows in Fig. 4D show the temperature shift points.
Microscopic analyses of DspeB and DspeD1 cells after the temperature shift (70°C ? 80°C)
We analyzed the morphology of the DspeB and DspeD1 cells by microscopy ( Fig. 5 ). Live and dead
Figure 3 Structures of modified nucleosides in this study. The red regions show the modifications. Pseudouridine is synthesized by isomerization of uridine, which is enclosed by a red circle.
cells were distinguished by SYTO9 and propidium iodide (PI) stains. Both SYTO9 and PI stain DNA, but SYTO9 penetrates bacterial cell membranes, whereas PI penetrates only bacteria with damaged membranes. Therefore, live cells are stained with only SYTO9 and dead cells are stained with both SYTO9 and PI. Before the temperature shift, the wild-type cells were dispersed in the medium and 93% of cells were alive (Fig. 5A ). The proportion of dead cells was larger for the DspeB (35%) and DspeD1 (52%) samples as compared with the wild-type (7%) sample before the temperature shift (Fig. 5A ). At 10 h after the temperature shift, the ratio of long cells increased in the wild-type sample and some dead cells (23%) were observed ( Fig. 5B ). In contrast, at 10 h, considerable numbers of the DspeB (93%) and DspeD1 (78%) cells were dead (Fig. 5B ). In particular, the DspeD1 cells were aggregated and some refractile particles were observed in the cells. Staining with FM4-64 and SYTO9 showed that the refractile particles did not include DNA ( Fig. 5C ): FM4-64 stains cell membrane. We conclude that some DspeB (7%) and DspeD1 (22%) cells were alive at 10 h after the temperature shift.
DspeB and DspeD1 cells cannot synthesize the long and branched polyamines
The compositions of polyamines in the wild-type, DspeB and DspeD1 cells, which were cultured at 70°C ? 80°C, were analyzed ( Fig. 6 ). In the sample from the wild-type strain, typical long and branched polyamines such as caldopentamine and tetrakis(3-aminopropyl)ammonium could be detected (Fig. 6A ).
In contrast, in the samples from the DspeB (Fig. 6B ) and DspeD1 (Fig. 6C ), the long and branched polyamines were not observed. To our surprise, however, in the case of DspeB cells, considerable amounts of unidentified middle-length polyamines were synthesized ( Fig. 6B ). Because SpeB is an aminopropylagmatine ureohydrolase, the DspeB cells can synthesize N 1 -aminopropylagmatine as shown in Fig. 6B . These unidentified middle-length polyamines seem to be N 1 -aminopropylagmatine derivatives by the reaction of SpeE or unidentified enzyme. Although the elution points suggested that the peaks at 30 and 38 min might be modified agmatine and aminopropyl-aminopropylagmatine, respectively, the precise structures are unknown. To determine the precise structures, comparisons with standard compounds synthesized by organic chemistry are necessary. The results show that the DspeB and DspeD1 cells cannot synthesize the long and branched polyamines.
Levels of modified nucleosides in tRNA from
DspeB and DspeD1 strains cultured by the temperature shift showed no abnormality Polyamines interact with tRNA (Quigley et al. 1978; Frydman et al. 1990; Terui et al. 2005; Ouameur et al. 2010) and can affect the activities of tRNA methyltransferases (Hayrapetyan et al. 2009; Hori et al. 2016a) . Therefore, we considered that the levels of some modified nucleosides in tRNA of the DspeB and DspeD1 strains might be different from those of the wild-type strain. To test this, we prepared class I Figure 6 Polyamine analysis of the samples from the wild-type (A), DspeB (B) and DspeD1 (C) cells, which were collected at 10-h periods after the temperature shift from 70°C to 80°C. Put, putrescine; Nspd, nor-spermidine; Hspd, homospermidine; Spd, spermidine; Thm, thermine; Tspm, thermospermine; Spm, spermine; Cdp, caldopentamine; Agm, agmatine; Thp, thermopentamine; Hcdp, homocaldopentamine; sym-Hspd, sym-homospermidine.
tRNA fractions from the wild-type, DspeB and DspeD1 cells at 10 h after the temperature shift (70°C ? 80°C) ( Fig. 7A ): class I tRNA has a regular size variable region. The class I tRNAs were completely digested to nucleosides with snake venom phosphodiesterase, RNase A and alkaline phosphatase, and the samples were then analyzed by C18-reverse-phase high-performance liquid chromatography (Fig. 7B-D) . Figure 7B shows the modified nucleosides in tRNAs from the wild-type strain. (Fig. 3) ] were detected: the peaks of m 1 G and Gm overlapped. Similarly, these modified nucleosides were observed in the samples from the DspeB (Fig. 7C) and DspeD1 (Fig. 7D) strains, although subtle differences were observed. For example, the amount of m 2 G in the sample from the DspeB strain was higher than in that from the wild-type strain. (Grawunder et al. 1992; Tomikawa et al. 2010; Roovers et al. 2012) . Thus, m 2 G is a minor modified nucleoside in T. thermophilus tRNA. The nucleoside analysis showed that there was no significant difference among the samples from the wildtype, DspeB and DspeD1 strains for the major modified nucleosides. To verify the levels of modified nucleosides in detail, we purified five tRNA methyltransferases, TrmA (Ny & Bj€ ork 1980) , TrmB (De Bie et al. 2003; Tomikawa et al. 2008) , TrmH (Hori et al. 2002) , TrmI (Takuma et al. 2015) and TrmN (Roovers et al. 2012) (Fig. 8A and B) , which catalyze the formation of m 5 U54, m 7 G46, Gm18, m 1 A58 and m 2 G6, respectively, in tRNA Phe (Fig. 8A) . The modification levels in the class I tRNAs from the wild-type, DspeB and DspeD1 strains were assessed by measuring the methyl-transfer reactions mediated by these purified enzymes. We used the T. thermophilus tRNA Phe transcript (Fig. 8A) as a positive control. Wild type speB speD1 P < 0.00005 P < 0.00005 P < 0.00005 P < 0.001 P < 0.005 P < 0.05
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The tRNA Phe transcript was efficiently methylated by the purified enzymes (Fig. 8C) . In contrast, the class I tRNA fractions from the wild-type, DspeB and DspeD1 strains were hardly methylated by TrmA, TrmB, TrmH, or TrmI, showing that m 5 U54, m 7 G46, Gm18 and m 1 A58 were near-fully introduced. In the case of the m 2 G6 modification by TrmN, the tRNA fraction from the wild-type strain exhibited stronger methyl group acceptance activity than that from the DspeB and DspeD1 strains, suggesting that the m 2 G6 modification level of samples from the DspeB and DspeD1 cells was higher than that from the wild-type cells. However, as described previously (Roovers et al. 2012; Yamagami et al. 2016) , because the in vitro methylation by TrmN causes the second methylation (m 2 2 G6 formation via m 2 G6), the m 2 G6 modification levels were not measured correctly. Thus, although a slight increase in m 2 G6 modification in the DspeB and DspeD1 strains was observed, there was no significant difference in the modification levels of common modified nucleosides in tRNA. These results are consistent with the nucleoside analysis in Fig. 7 Polyamines stabilize the L-shaped structure of tRNA ; thus, the absence of long and branched polyamines in the DspeB and DspeD1 cells after the temperature shift (70°C ? 80°C) may change the stability of some tRNAs and cause their degradation. To test this idea, we prepared total RNA fractions from the wild-type, DspeB and DspeD1 cells at 0, 3.3, 6.7 and 10 h after the temperature shift. The total RNA fractions were analyzed by 10% PAGE (7 M urea) (Fig. 9A) , and Northern blotting analysis was carried out (Fig. 9B) (Watanabe et al. 1979) . Because the probe was designed to hybridize with nucleotides from U36 to Gm18 in tRNA Met f species, our Northern blotting analysis could not distinguish these tRNA Met f species. Nonetheless, it is clear that the population (balance) of tRNA species in the total RNA changed markedly after the temperature shift due to the degradation of some RNA species. Furthermore, to our surprise, the bands corresponding to 5S rRNA decreased in the samples from the DspeB and DspeD1 cells after the temperature shift (Fig. 9A) . T. thermophilus 5S rRNA gives two bands on the gel even in the presence of 7 M urea due to its structural rigidity (Hartmann et al. 1991) . We confirmed the decrease in 5S rRNA by northern hybridization (Fig. 9B) . Moreover, decreases in levels of 16S and 23S rRNAs were confirmed by 2% agarose gel electrophoresis (Fig. 9C) . Therefore, long and branched polyamines are required for the maintenance of rRNAs and some tRNA species.
70S ribosome level was decreased in the S-30 fraction from the DspeB and DspeD1 cells after the temperature shift Our analyses showed decreases in 5S, 16S and 23S rRNA levels in the DspeB and DspeD1 cells after the temperature shift. These results strongly suggested a decrease in 70S ribosome levels in these cells. To confirm this, we analyzed the levels of 70S ribosomes figure. (B) Purified tRNA methyltransferases used in this experiment. Purified TrmA, TrmB, TrmH, TrmI and TrmN (1.5 lg each) were analyzed by 15% SDS-PAGE. The gels were stained with Coomassie Brilliant Blue. (C) The methyl group acceptance activities of class I tRNA fractions from the wild-type, DspeB and DspeD1 strains (n = 2 each). Class I tRNA fractions were prepared from the cells at 10 h after the temperature shift (70°C ? 80°C). The methyl group acceptance activity of tRNA Phe transcript is expressed as 100.0%. The relative methyl group acceptance activities (%) and P values by t-test are given in the figure.
in cell extracts (S-30 fractions) from the wild-type, DspeB and DspeD1 strains: 30.0 A260 units of S-30 fractions were analyzed by 10%À40% sucrose density gradients. To prevent dissociation of 30S and 50S subunits, 15 mM Mg 2+ was used. The peak for 70S ribosomes in the wild-type sample was confirmed by 2% agarose gel electrophoresis and dot blotting hybridization (Fig. 10) . The level of 70S ribosomes in the S-30 fractions from the DspeB and DspeD1 strains was notably lower than that from the wildtype strain (Fig. 10) , consistent with the analyses of total RNAs (Fig. 9) .
Protein synthesis activities of DspeB and DspeD1 strains were completely lost at 10 h after the temperature shift (70°C ? 80°C)
Because the levels of 70S ribosomes and some tRNA species are decreased in the DspeB and DspeD1 cells, we suggested that protein synthesis in these cells is affected. To clarify the effect of change of tRNA composition on the protein synthesis activity, we used a recently developed cell-free protein synthesis system from T. thermophilus (Zhou et al. 2012) . Total tRNAs were prepared from the wild-type, DspeB and DspeD1 cells at 10 h after the temperature shift and used for the cell-free translation. We used superfolder green fluorescent protein (sGFP) as a reporter protein and the activity of tRNA was measured by monitoring the fluorescence of synthesized sGFP. Despite the significant change in the population of tRNA species, tRNA mixtures prepared from DspeB and DspeD1 cells retained translation activities (Fig. 11) , although a decrease in the translation rate was observed when using tRNAs from the DspeD1 cells. To clarify the effect by the decrease of ribosome and change of tRNA composition, we analyzed in vivo protein synthesis activities of the wild-type, DspeB and DspeD1 strains by incorporation of S-Cys. The proteins were analyzed by 15% SDS-PAGE, and autoradiograms were obtained (Fig. 12) . To our surprise, in the case of DspeB, the expressed proteins themselves were different from the wild-type strain (Fig. 12A) . Furthermore, autoradiograms showed that protein synthesis in the DspeB strain already stopped at 3.3 h after the temperature shift. In the case of DspeD1 strains, translation was progressively suppressed and was completely lost at 10 h after the temperature shift (70°C ? 80°C) (Fig. 12B) . Our results show that the absence of long and branched polyamines at high temperatures drastically impairs protein synthesis through the degradation of rRNAs and some tRNA species. Altogether, we conclude that long and branched polyamines are required for the maintenance of the 70S ribosome and some tRNA species at high temperatures.
Discussion
In the current study, we found that the long and branched polyamines are required for the maintenance of 70S ribosome and balance of tRNA species at high temperatures.
To analyze molecular details of the role of long and branched polyamines in T. thermophilus growth at high temperatures, we devised a culture method for the DspeB and DspeD1 strains in minimal medium at high temperatures. Previously, we used the temperature shift method for the analysis of T. thermophilus deleted for the trmB gene, which did not grow at high temperatures (Tomikawa et al. 2010) . This method was also effective for the DspeB and DspeD1 strains: for a few hours, the mutant strains survived at high temperatures. Although this method cannot be used for analyses of tolerance mutant strains, it may be applicable for other knockout strains that cannot adapt to environmental change(s).
Modified nucleosides in tRNA and tRNA-modification enzymes in T. thermophilus form a network, which regulates the modification levels in tRNA to maintain the flexibility (rigidity) of tRNA (Hori et al. 2016b ). This regulation is required for efficient protein synthesis at a wide range of temperatures. Therefore, we suggested that the absence of long and branched polyamines might perturb the network. However, we did not observe significant differences in the levels of common tRNA modifications (Gm18, m 7 G46, m 5 U54 and m 1 A58) in the DspeB and DspeD1 cells. In the current study, we analyzed only common modifications in the three dimensional core of tRNA. Therefore, there is a possibility that the levels of important modifications (e.g., anticodon modifications) in specific tRNA may be changed in the DspeB and DspeD1 cells after the temperature shift. In this case, the modification level(s) seems to have severe effects on the translation machinery. Instead of change of modification levels, we found that the balance of tRNA species itself was changed were analyzed by 10%À40% sucrose density gradients (upper panels). The peak of 70S ribosomes in the wild-type sample was confirmed by RNA analysis (center, 2% agarose gel electrophoresis) and dot hybridization (bottom). In this dot hybridization, two 16S rRNA probes were used. after the temperature shift. Because the Gm18, m 7 G46, m 5 U54 and m 1 A58 modifications are common in the class I tRNAs, the degradation of some tRNA species did not have effects on the levels of these modifications in the class I tRNA. The degradation of some tRNA species at high temperatures was also observed in the trmB-deleted strain: The m 7 G46 modification by TrmB is one of the key modified nucleosides in the network (Tomikawa et al. 2010) . Although the phenomena (degradation of some tRNA species) apparently resemble each other, the mechanisms may be different because the remaining tRNA species were normally modified in the DspeB and DspeD1 cells, whereas they were hypomodified in the DtrmB cells. Because tRNA Tyr (GUA) belongs to class II tRNA, which have a long variable region, the degradation of tRNA Tyr (GUA) in the DspeB and DspeD1 cells may be related to its melting temperature. In general, melting temperatures of class II tRNA are lower than those of class I tRNA (Matsumoto et al. 1987) . In contrast, the melting temperature of fully modified tRNA Met f is very high (89°C) (Watanabe et al. 1976 ) and tRNA Met f was stable in the DspeB and DspeD1 cells after the temperature shift. These observations suggest that tRNAs, which show relatively low melting temperatures, are degraded in the DspeB and DspeD1 cells after the temperature shift. In contrast, the degradation of some tRNA species is related to hypomodifications in tRNA (Tomikawa et al. 2010) . Therefore, mechanisms of degradations of tRNA in the DspeB and DspeD1 cells and the trmB-deleted cells may be different. However, in both cases, depletion of tRNA species perturbs protein synthesis.
Due to the multiple roles of polyamines, their absence brings severe disadvantages for organisms including mesophiles. For example, an E. coli ornithine requiring strain cannot grow efficiently in a minimal medium without ornithine or arginine due to their requirement for putrescine biosynthesis (Tabor & Tabor 1969) . Furthermore, in eukaryotes and archaea, eukaryotic translational initiation factor 5A (eIF-5A) has a hypusine modification (Park et al. 2010) . Hypusine is synthesized in two steps from spermidine and a lysine residue in eIF-5A (Park et al. 1982) , and is required for the eIF-5A function, that is, rescue of stalled ribosomes (Park et al. 2010) . Thus, spermidine is essential for cell viability of eukaryotes and archaea. Moreover, some archaeal tRNA
Ile has an agmatidine (agm 2 C) modification at position 34, which is required for decoding the AUA Ile codon and recognition by isoleucyl-tRNA synthetase (Ikeuchi et al. 2010; Mandal et al. 2010) . The agm 2 C34 is synthesized from agmatine and C34 in tRNA
Ile by tRNA Ile -agmatidine synthetase (TiaS). Thus, agmatine is essentially required for the translational machinery in some archaea. The biosynthesis pathway of polyamines in T. thermophilus is different from that in the other eubacteria, archaea and eukaryotes. Furthermore, the DspeB and DspeD1 strains can synthesize short-and medium-length polyamines as Genes to Cells (2017) 22, 628-645 shown in Fig. 6 , and can survive in minimal medium below 70°C. Therefore, it is not simple to compare our findings to the requirements of polyamines in other organisms and their mutant strains. However, the absence of long and branched polyamines in the DspeB and DspeD1 strains at high temperatures is not related to hypusine or agmatidine modification because T. thermophilus EF-P (a eubacterial counterpart of eIF-5A) does not possess a hypusine modification (HanawaSuetsugu et al. 2004 ) and the T. thermophilus genome encodes the tRNA Ile -lysidine synthetase gene (tilS; TTHA1542) rather than tiaS gene.
In this work, we found that both DspeB and DspeD1 strains have altered compositions of tRNA species and that protein synthesis is severely impaired at high temperature in vivo; however, the mechanisms underlying the disruption of protein synthesis may be different. The proteins expressed in the DspeB cells were different from those of the wild-type strain. Polyamines stimulate synthesis of specific proteins in E. coli cells through mRNA transcription and stabilizing various RNA-RNA interactions (Chattopadhyay et al. 2015; Igarashi & Kashiwagi 2015) . It is possible that some long and branched polyamines are involved in regulating the expression of certain proteins. However, formation of inclusion bodies is observed in the DspeD1 cells after the temperature shift. The tRNAs prepared from the DspeD1 cells translated with reduced speed in vitro. The translation rate, especially rhythm of ribosomes translating on mRNA, plays critical roles in the folding of proteins (Komar 2009; Nedialkova & Leidel 2015) , and tRNA concentration is one of the important factors that determine the speed of ribosomal passage on each codon (Zhang et al. 2009 ). Thus, it is possible that the altered tRNA composition and/or the reduced speed of translation in the DspeD1 cells caused protein aggregation.
The T. thermophilus ribosome has been used for Xray crystal studies (Sagi et al. 1995; Clemons et al. 2001) , and polyamines were often used for the crystallization. For example, thermine was used for crystallization of a complex of T. thermophilus 70S ribosome and an 8-nt RNA oligomer (Korostelev et al. 2007) . In that study, a thermine binding site(s) in the 70S ribosome was not reported, suggesting that numerous thermine molecules may contact one ribosome and these interactions may be in a dynamic equilibrium. This idea is in line with the results of a 13 C-NMR study concerning the interaction of spermidine and tRNA: 14 spermidine-binding sites were detected per one tRNA molecule and the bound spermidine molecules were replaced by spermine but not putrescine (Frydman et al. 1990) . In living cells, numerous polyamines seem to contact the ribosomes and these interactions probably contribute to the maintenance of the ribosome. Long and branched polyamines possess many positive charges and long hydrophobic areas as compared to short-and medium-length polyamines. Our findings suggest that these features of long and branched polyamines are necessary for maintenance of the ribosome and some tRNA species at high temperatures. Given that long and branched polyamines and related enzymes have been found in other thermophilic eubacteria and archaea (Hamana et al. 1991 (Hamana et al. , 2003 Morimoto et al. 2010; Okada et al. 2014; Michael 2016) , our findings may be applicable to polyamines in these thermophiles. 
Experimental procedures
Materials [Methyl- 14 C]-S-adenosyl-L-
Strains and media
Isolation of T. thermophilus HB8 (the wild-type strain) was previously reported (Oshima & Imahori 1974) . The constructions of DspeB and DspeD1 strains were carried out as described by Hashimoto et al. (2001) . The plasmid vectors for replacements were purchased from RIKEN Biological Resource Center (Yokoyama et al. 2000) . The DNA sequences of homologous recombination regions were checked. The composition of nutrient-rich medium has been previously reported (Tomikawa et al. 2010 
Culture temperature shift experiments
The wild-type, DspeB and DspeD1 strains were precultured at 70°C for 12 h in nutrient-rich medium. Subsequently, 1 mL each of the cultures was seeded into 20 mL of minimal medium and incubation was continued at 70°C. When the cell densities had reached optical density (OD) of 0.5 at 660 nm, the culture temperature was shifted to 80°C.
Polyamine analysis
Polyamine analyses were carried out as described previously . Briefly, polyamines were extracted with 15% trichloroacetic acid, converted to O-phthalate-ester and separated by a CK-10S ion exchanger column (Mitsubishi Chemical Co., Japan). Fluorescence at 450 nm (excitation wavelength, 340 nm) was monitored. The elution points of polyamines were determined by standard markers .
Microscopic analyses
For the viability test, LIVE/DEAD BacLight Bacterial Viability Kits (Invitrogen) were used. FM4-64 (Molecular Probes) was used for staining membranes. Cells were spread on agarose pads, and the microscope images were acquired using a Leica DM6000 microscope with Orca camera (Hamamatsu) and analyzed using ImageJ software.
Preparation of total RNA and class I tRNA, and analysis of nucleosides Total RNA was prepared as previously described . The class I tRNA fraction was further purified by electrophoresis using a 10% polyacrylamide gel containing 7 M urea [PAGE (7 M urea)]. Nucleoside analysis was carried out after complete digestion of tRNA with phosphodiesterase, RNase A and alkaline phosphatase as previously described (Tomikawa et al. 2010) .
Purification and activity measurement of tRNA methyltransferases
The expressions, purifications and activity measurements of TrmA (Ishida et al. 2011) , TrmB (Tomikawa et al. 2008) , TrmH (Hori et al. 2002) , TrmI (Takuma et al. 2015) and TrmN (Roovers et al. 2012) have been reported previously.
Northern blotting analysis
Northern hybridization was carried out as reported previously (Tomikawa et al. 2010 Preparation of supernatant of 30 000 g centrifugation fraction (S-30) and 10%À40% sucrose density gradient Wet cells (0.4 g) were suspended in 1 mL of buffer A [50 mM Tris-HCl (pH 7.6), 15 mM MgCl 2 , 6 mM 2-mercaptoethanol, 100 mM NH 4 Cl]. The cells were ground in a mortar with 0.2 g aluminum oxide, and then, the suspension was centrifuged at 4000 g at 4°C for 15 min. The supernatant was further centrifuged at 36 400 g for 1 h. The supernatant was used as the S-30 fraction; 10%À40% sucrose density gradient ultracentrifugation was carried out at 112 700 g at 4°C for 14 h using a P-28S swing rotor (Hitachi). 30.0 A 260 units of S-30 fractions were analyzed. The dot hybridization was carried out using the northern hybridization method. The probe sequences were as follows: 16S rRNA probe 1, 5 0 -GTA TTA CCG CGG CTG CTG -3 0 ; 16S rRNA probe 2, 5 0 -CCG TCA ATT CCT TTG GAG TTT C -3 0 ; 23S rRNA, 5 0 -GAC CAG TGA GCT ATT ACG CA -3 0 .
In vitro translation using the reconstituted protein synthesis system from T. thermophilus
